Understanding how potential climate change will affect availability of water resources for citrus production globally is needed. The main goal of this study is to investigate impacts of potential future climate change on citrus irrigation requirements (IRR) in major global citrus producing regions, e.g., Africa, Asia, Australia, Mediterranean, Americas. The Irrigation Management System (IManSys) model was used to calculate optimum IRR for the baseline period (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005) and two future periods (2055s and 2090s) subject to combination of five and seven temperature and precipitation levels, respectively. Predicted IRR show significant spatio-temporal variations across study regions. Future annual IRR are predicted to globally decrease; however, future monthly IRR showed mixed results.
INTRODUCTION
Citrus is one of the major fruit crops covering significant agricultural areas globally (Liu et al. ) . While global citrus production was projected to decrease in 2016 compared with 2015 (USDA ), in 2015, Brazil, China, and the USA were the top citrus fruit producing countries in the world (USDA ). The citrus industry contributes considerably to national gross domestic products (GDPs) of several countries. For example, in the state of Florida, Hodges et al. () , in their economic impact analysis study, estimated that citrus fruit production contributed 3.82 billion USD from a total of 156 million boxes of citrus fruit produced during the 2012/2013 production season. While the citrus industry signficantly contributes to local, national, and global economies, its production consumes considerable amounts of fresh water resources, which makes the industry compete for available fresh water resources with other major water users, e.g., production of other crops, domestic and industrial uses, and ecosystems services.
In addition, the citrus industry is also facing critical challenges, including the wide spread of diseases and pests (e.g., citrus greening, citrus canker), which results in major damage to citrus production and in economic losses (Schubert et Hodges & Spreen ). For example, the 2015/16 global orange production was predicted to decrease by 3.0 million metric tons, where significant yield reduction was expected in some of the major producing regions (e.g., Brazil, USA, and South Africa) (USDA ). Moreover, the interaction of projected increases in temperature and reduction in rainfall, in most parts of the globe, due to climate change will certainly have a significant impact on available fresh water resources. Expected increases in climate variability, severe droughts, and recurrent floods will certainly have both In order for the citrus industry to continue to be economically viable, there is a need to better understand how potential future climate would affect availability of fresh water resources for the industry in the mid and long future periods: 2055s (2046-2065) and 2090s (2081-2100) compared with the baseline period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) 
MATERIALS AND METHODS

Study sites
This study was conducted in selected locations of the major citrus producing regions across the world: Africa (Cape Town, South Africa), Asia (Mersin, Turkey), Australia (Riverland, Australia), Mediterranean (Nabeul, Tunisia), North America (Riverside, California; Fort Pierce and Lake Alfred, Florida; and Brownsville, Texas), and South America (Sao Paulo, Brazil) ( Figure 1 ). For this work, the study sites were chosen with the underlying objective to represent most of the major citrus producing regions according to the report by the United States Department of Agriculture (USDA ). However, it is also worth noting that this study does not include some of the leading citrus producing countries (e.g., China).
Input data
Daily precipitation, minimum temperature (Tmin), maximum temperature (Tmax), and wind speed data were Available soil water content (AWC, cm 3 cm À3 ) was computed using the pedo-transfer function (Gupta & Larson ) based on Equation (1):
where θ p is predicted water content (cm 3 cm À3 ) at a given matric potential, ρ b (g cm À3 ) is bulk density, and a, b, c, d, and e are regression equation fitting coefficients that were obtained from Gupta & Larson () for the major soil type of the locations represented in this study.
Available water content was calculated as the difference between water content at field capacity (FC: θ p at 33 kPa) and permanent wilting point (PWP: θ p at 1,500 kPa). (2) and (3)):
where ΔS is change in soil water storage (mm), P is total rainfall (mm), G w is shallow groundwater contribution (mm), IRR net is net irrigation water requirement (mm), Q d is groundwater drainage (mm), Q r is surface water runoff (mm), ET c is plant evapotranspiration (mm), I is the ():
where ET o is daily reference evapotranspiration (mm d À1 ), R n is daily net radiation at the crop surface (MJ m À2 d À1 ),
G is soil heat flux density (MJ m À2 d À1 ), T is mean daily air temperature at 2 m height ( W C), u 2 is wind speed at 2 m height (m s À1 ), e s is saturation vapour pressure (kPa), e a is actual vapor pressure (kPa), e s Àe a is saturation vapour 
RESULTS AND DISCUSSION
Climate characteristics
Analysis of 20 years (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) minimum and maximum temperatures, and precipitation provided useful information about climate variables in the study locations. As expected, the selected study sites have different climates ( Figure 2 ).
Annual rainfall distribution was not uniform across the months; most of the locations have a unimodal rainfall distribution ( Figure 2 ). Sao Paulo receives the highest rainfall (2,016 mm yr À1 ) ( Table 3 ) and monthly rainfall was greater than corresponding evapotranspiration ( Figure 2 ). Our 
Model outputs
Evapotranspiration is the major component of the water budget in all study sites (Figure 3) . Moreover, owing to vari- Moreover, monthly IRR reduction will not occur at a constant rate throughout the year and across the study sites (Figure 4(a) ). While overall average IRR is projected to decrease in the 2055s and 2090s compared with the baseline, there will also be some increases in monthly IRR during some months of the year in most study sites (e.g., during November in Sao Paulo, and February and November in Nabeul) (Figure 4(a) ). In Nabeul, Tunisia, IRR is predicted to increase by up to 100% during February and November both in 2055s and 2090s, while during January IRR is predicted to decrease by up to 50% (Figure 4(a) ).
Similarly, a greater decrease in ET o is predicted in the 2055s than in the 2090s compared with the baseline period (Figure 4(b) ). Additionally, while ET o is projected to consistently decrease throughout the year in all study sites, the magnitude of reduction varies between months (Figure 4(b) ). Overall, greater reductions in IRR and ET o are projected in the 2055s compared to 2090s with respect to the baseline. The significant reduction of ET o in response to elevated CO 2 concentration is clearly shown in Figure 6 , where significantly smaller ET o was predicted under the highest CO 2 concentration scenario (RCP 6.0, CO 2 ¼ 850 ppm) of this study. Ramirez & Finnerty () argued that elevated CO 2 concentration will have a beneficial effect on irrigated agriculture by improving water use efficiency of crops.
Effect of temperature on major components of the water budget
Under the baseline greenhouse gas emission scenario (with an average CO 2 concentration of 360 ppm), an increase in temperature will result in an increase in ET o and thereby IRR, regardless of the geographic location of the study ( 
Effect of rainfall on major components of the water budget
In general, as expected, reduction in rainfall will result in an increase in IRR across all study sites (Figure 8(a) ). However, a change in rainfall will have a significant effect on IRR in humid regions (i.e., Fort Pierce, Lake Alfred, and Sao Paulo), where, for example, in Sao Paulo, a 20% increase in rainfall would result in a 40% reduction in IRR under RCP 6.0. In contrast, however, in arid areas (e.g., Riverside), the effect of rainfall is relatively negligible compared with other locations. Surprisingly, a 20% reduction in rainfall under higher CO 2 concentration (RCP 6.0) scenario will still result in a decrease in IRR compared with that of the baseline. This indicates, at higher CO 2 concentrations, the effect of CO 2 is dominant over the change in rainfall. This is also clearly visible in Figure 8(b) , where the effect of rainfall was masked by higher CO 2 concentrations, and changes in ET o were only observed between RCPs. On the other hand, an increase in rainfall and CO 2 concentration will have a positive effect on DR and INT (Figure 8 (c) and 8(d)). However, the effect of CO 2 concentration on DR was not as significant as it is on IRR and ET o . In most places, a unit change in rainfall will result on average in a two-fold increase or decrease in DR in the direction of change in rainfall (Figure 8(c) ). Results from this study underscore the importance of accounting the effects of CO 2 concentration in computing evapotranspiration rates. This study also provides insights into how projected increases in atmospheric CO 2 concentration and temperature interact and affect major components of the water budget and citrus irrigation requirements. Such results are essential in the global efforts of planning climate change adaptation and mitigation strategies for the citrus industry. However, further studies are needed to investigate how citrus yield would respond under potential climate change, including an economic analysis.
CONCLUSIONS
